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The repulsive guidance of axons through plexins isUniversity of Heidelberg
believed to be mediated by the local control of actinIm Neuenheimer Feld 366
dynamics (Jin and Strittmatter, 1997; Kuhn et al., 2000).69120 Heidelberg
However, the intracellular mechanisms, which coupleGermany
plexins to the regulation of the actin cytoskeleton, are2 Nikolaus-Fiebiger-Center
still unclear. One of the major regulators of the neuronalUniversity of Erlangen
actin cytoskeleton is the Rho family of small GTPasesGlu¨ckstr. 6
(Luo, 2000; Tashiro et al., 2000; Dickson, 2001). Rho91054 Erlangen
GTPases act as molecular switches and are active whenGermany
bound to GTP and inactive when bound to GDP (Hall,
1998). In most cells, the activation of the Rho family
GTPase, RhoA, leads to increased contractility of actin/Summary
myosin and subsequent process retraction or growth
cone collapse, whereas the activation of the Rho familyPlexins are widely expressed transmembrane proteins
member Rac leads to the formation of lamellipodia andthat, in the nervous system, mediate repulsive signals
process extension. Three classes of proteins regulateof semaphorins. However, the molecular nature of
the nucleotide binding state of Rho family GTPases:plexin-mediated signal transduction remains poorly
guanine nucleotide exchange factors (GEFs), which fa-understood. Here, we demonstrate that plexin-B
cilitate the exchange of GDP for GTP; GTPase-activatingfamily members associate through their C termini
proteins (GAPs), which stimulate the hydrolysis of boundwith the Rho guanine nucleotide exchange factors
GTP to GDP; and GDP dissociation inhibitors (GDIs),PDZ-RhoGEF and LARG. Activation of plexin-B1 by
which inhibit the release of GDP (Symons and Settleman,semaphorin 4D regulates PDZ-RhoGEF/LARG activity
2000). Recent evidence suggests that extracellular fac-leading to RhoA activation. In addition, a dominant-
tors which regulate growth cone guidance influence thenegative form of PDZ-RhoGEF blocks semaphorin 4D-
activity of Rho-GTPase by regulation of specific GEFsinduced growth cone collapse in primary hippocampal
or GAPs. For instance, growth cone repulsion or axonalneurons. Our study indicates that the interaction of
guidance mediated by RhoA in response to various stim-mammalian plexin-B family members with the multido-
uli have been shown to involve several regulators likemain proteins PDZ-RhoGEF and LARG represents an
p190 RhoGAP or the GEF proteins Trio and Ephexinessential molecular link between plexin-B and local-
(Shamah et al., 2001; Bateman and Van Vactor, 2001;ized, Rho-mediated downstream signaling events which
Brouns et al., 2001).underly various plexin-mediated cellular phenomena
The activity of RhoA is also regulated by numerousincluding axonal growth cone collapse.
G protein-coupled receptors (GPCRs) (Sah et al., 2000),
many of which are expressed in the central nervousIntroduction
system. It is well established that heterotrimeric G pro-
teins of the G12 family, G12 and G13, which appear to beAxonal guidance systems are centrally involved in es-
ubiquitously expressed, couple GPCRs to the activation
tablishing anatomical connections in the developing and
of RhoA (Buhl et al., 1995; Fromm et al., 1997). Recently,
adult brain. A variety of extracellular factors have been
a group of Rho-specific guanine nucleotide exchange
identified which serve as either attractive or repulsive factors (RhoGEFs) has been identified which interact
guidance cues by virtue of their ability to induce exten- through a “regulator of G protein signaling” (RGS) do-
sion or retraction of the axonal growth cones (Tessier- main with the activated  subunit of G12/G13 and canLavigne and Goodman, 1996; Mu¨ller, 1999). The sema- couple GPCRs to Rho activation (Fukuhara et al., 2001).
phorins have emerged as one of the major families of These proteins also contain a tandem Dbl homology
guidance molecules (Pu¨schel, 1996; Culotti and Kolod- (DH)/pleckstrin homology (PH) domain which is required
kin, 1996). They constitute a family of secreted and for their GEF activity. Currently, this group of RhoGEF
transmembrane molecules which induce mainly repul- proteins comprises three distinct members, p115Rho-
sive activities in a variety of neurons (Raper, 2000). The GEF/Lsc, PDZ-RhoGEF, and LARG. While p115RhoGEF/
functions of semaphorins are mediated by plexins, Lsc protein is predominantly found in hematopoietic
which can be grouped in four subfamilies, plexin-A, -B, cells (Whitehead et al., 1996; Girkontaite et al., 2001),
-C, and -D (Tamagnone and Comoglio, 2000; Nakamura mRNAs for PDZ-RhoGEF and LARG are found in various
et al., 2000). Most semaphorins appear to bind and acti- organs including the brain (Fukuhara et al., 1999; Kourlas
vate plexins directly, while the class 3 semaphorins are et al., 2000). Studies in neuronal cell lines have shown
an exception in that they require a complex consisting that G12/G13 as well as PDZ-RhoGEF are involved in neu-
rite retraction induced by lysophosphatidic acid (Katoh
et al., 1998; Kranenburg et al., 1999; Togashi et al., 2000).3 Correspondence: stefan.offermanns@urz.uni-heidelberg.de
4 These authors contributed equally to this work. Recently, activation of plexins has been linked to the
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Figure 1. Interaction between C-Terminal
Regions of Plexin-B Family Members and
PDZ Domains of PDZ-RhoGEF and LARG
(A) Comparison of C-terminal ends of differ-
ent plexins, the gray box indicates the C-ter-
minal PDZ domain-interacting motif present
in plexin-B family members. (B) Interaction of
C-terminal parts of plexins with PDZ-RhoGEF
in HEK293 cells. Cells cotransfected with un-
tagged or FLAG-tagged PDZ-RhoGEF and
HA-tagged C termini of plexin-B1, -B2, -B3,
or -D1 were lysed, and FLAG-tagged PDZ-
RhoGEF was immunoprecipitated with an
anti-FLAG antibody coupled to Sepharose
beads. Shown are Western blots of immuno-
precipitated proteins and lysates stained with
anti-FLAG or anti-HA antibodies.
regulation of certain Rho GTPases (Liu and Strittmatter, activation involves the regulation of Rho GTPase activity
via PDZ-RhoGEF/LARG.2001). It could be shown that growth cone collapse in-
duced by Sema3A, which acts on a neuropilin-1/plexin-
A1 receptor complex, depends on the small GTPase Results
Rac1 (Jin and Strittmatter, 1997; Kuhn et al., 1999; Vas-
trik et al., 1999). In addition, evidence was provided Interaction of Plexin-B Family Members
that a cytoplasmic domain of plexin-B1 directly binds with PDZ-RhoGEF and LARG
to Rac1 in its GTP bound form, and that Rac1 binding To identify proteins which may interact with the PSD-
can be enhanced by Sema4D, a ligand of plexin-B1 (Vikis 95/SAP90-Discs-larg-ZO-1(PDZ) domain of the neu-
et al., 2000). Experiments in Drosophila showed that ronal RhoGEF protein, PDZ-RhoGEF, we performed a
binding of GTP bound Rac to the Drosophila plexin-B yeast two-hybrid screen. The bait was constructed by
inhibits signaling processes downstream of Rac (Hu et fusing the PDZ domain of PDZ-RhoGEF to the DNA
al., 2001). Thus, plexin-B may inhibit Rac-dependent binding domain of LexA. Upon screening of a cDNA
processes by sequestering the active, GTP bound Rac library from mouse embryo, we obtained eight indepen-
(Vikis et al., 2002). The Drosophila plexin-B has also been dent interacting clones. One of the clones encoded the
shown to bind RhoA independently of its interaction C-terminal 194 amino acids of plexin-B2. Plexin-B2
with Rac1. In mouse fibroblasts, clustering of ectopically (KIAA0315) together with plexin-B1 (SEP; KIAA0407) and
expressed cytoplasmic domains of mammalian plexin- plexin-B3 (KIAA1206) constitutes a subfamily of plexins
B1 leads to actin stress fiber assembly, an effect which which are expressed in a variety of tissues including the
could be blocked by the Rho inhibitor C3 transferase. central nervous system (Maestrini et al., 1996; Nagase
This shows that mammalian plexin-B1 can lead to the et al., 1997, 1999; Ishikawa et al., 1997). Alignment of
activation of RhoA (Driessens et al., 2001). However, the C-terminal sequences of various plexins shows that
mechanisms linking mammalian plexins to RhoA activa- members of the plexin-B family, plexin-B1, -B2, and -B3,
tion are unknown. but not other plexins share a common C terminus, which
Here we report that the Rho-specific GEFs, PDZ-Rho- carries a classical PDZ domain binding motif (Sheng
GEF and LARG, interact via their PDZ domains with the and Sala, 2001) (Figure 1A).
C termini of plexin-B family members. The activation of To validate the results from the yeast two-hybrid
plexin-B1 increases the activity of PDZ-RhoGEF toward screen in mammalian cells, HEK293 cells were cotrans-
RhoA, and a dominant-negative mutant of PDZ-RhoGEF fected with untagged or N-terminally FLAG-tagged PDZ-
inhibits plexin-B1-mediated growth cone collapse. RhoGEF/LARG and the HA-tagged cytoplasmic C-termi-
These data suggest that PDZ-RhoGEF and LARG consti- nal fragments of plexin-B1, -B2, -B3, or -D1. Intracellular
tute the molecular links between plexin-B and RhoA and portions of plexin-B1-3 could be coimmunoprecipitated
with PDZ-RhoGEF (Figure 1B) or LARG (not shown) us-that the local response of growth cones to plexin-B
Plexin-B Regulates PDZ-RhoGEF/LARG
53
ing the anti-FLAG antibody. Consistent with results full-length PDZ-RhoGEF. In contrast, the PDZ-RhoGEF
mutant lacking the PDZ domain did not interact withfound in yeast (not shown), both RhoGEF proteins failed
to coimmunoprecipitate with the cytoplasmic fragment plexin-B1 (Figure 3A), indicating that the PDZ domain
of PDZ-RhoGEF is required for its interaction withof plexin-D1 (Figure 1B).
plexin-B1.
To investigate which region of plexin-B1 is requiredColocalization and In Vivo Interaction
for its interaction with PDZ-RhoGEF, we generated VSV-of Plexin-B1 and PDZ-RhoGEF/LARG
tagged plexin-B1 constructs, lacking the last three orSince plexin-B1 is the only member of the plexin-B family
the last ten C-terminal amino acids. In addition, a versionfor which a ligand (Sema4D) has been described, we
was made in which the last three amino acids of plexin-used plexin-B1 for further experiments. While PDZ-Rho-
B1 were replaced by those of plexin-D1. These con-GEF was found to be predominantly expressed in the
structs were cotransfected with wild-type FLAG-taggednervous system, plexin-B1 and LARG could be demon-
PDZ-RhoGEF into HEK293 cells, and lysates were im-strated in a wide variety of tissues including the brain
munoprecipitated with the anti-FLAG antibody followed(Figure 2A; data not shown).
by Western blot analysis using anti-VSV or anti-FLAGImmunohistochemistry on sections of adult mouse
antibodies. The wild-type and the mutant protein werebrain revealed a wide expression of PDZ-RhoGEF,
found to be expressed at comparable levels (Figure 3B).LARG, and plexin-B1. Whereas LARG was predomi-
Interaction of plexin-B1 with PDZ-RhoGEF was impairednantly found in the neuronal somata, PDZ-RhoGEF was
by removing the last three amino acids of plexin-B1,enriched in the neuropil of the hippocampus (Figures
which constitute most of the PDZ binding motif. Further-2B–2D), cortex, striatum, cerebellum, and spinal cord
more, replacement of the C-terminal three amino acids(data not shown). Staining for plexin-B1 was ubiqui-
or removal of the last ten amino acids of plexin-B1 com-tously found in the brain and was distributed over neu-
pletely abolished the interaction between the PDZ-Rho-ronal cell bodies as well as the neuropil. Colabeling of
GEF and plexin-B1 (Figure 3B). These results demon-mouse cortical sections with antibodies against LARG
strate a direct interaction between the PDZ binding motifand plexin-B1 revealed a large overlap between their
in the cytoplasmic domain of plexin-B1 and the PDZexpression over individual neurons (Figures 2E–2G). To
domain of PDZ-RhoGEF. Very similar results were ob-determine whether plexin-B1 and the RhoGEFs are ex-
tained upon coexpression of LARG with the abovepressed in the morphological compartments corre-
plexin-B1 mutants (data not shown).sponding to their putative role in morphogenesis, we
analyzed the expression of plexin-B1 and PDZ-RhoGEF
in dissociated chick retinal ganglion neurons in culture. PDZ-RhoGEF Facilitates Localization of Plexin-B1
Both proteins were enriched in axonal growth cones and at the Plasma Membrane
demonstrated a large overlap with each other (Figures To test whether the localization of plexin-B1 and PDZ-
2H–2J). Thus, both PDZ-RhoGEF and LARG colocalize RhoGEF/LARG is influenced by each other, HEK293
with plexin-B1 and have the potential to interact with cells were transfected with plexin-B1 or RhoGEF pro-
plexin-B1 in distinct subcellular neuronal compartments teins either alone or in combination (Figure 4). In fixed
in vivo. and permeabilized cells expressing PDZ-RhoGEF or
To determine whether members of the plexin-B family LARG alone, each of the proteins demonstrated a peri-
interact with the RhoGEFs in vivo, we immunoprecipi- plasmamembranal localization (Figure 4D and data not
tated endogenous plexin-B1 with a polyclonal antibody shown). In contrast, VSV-tagged plexin-B1 only showed
from mouse brain lysates and performed Western blot predominant peri-plasmamembranal localization when
analysis on the immunoprecipitates using antibodies coexpressed with PDZ-RhoGEF (Figures 4A and 4B).
against PDZ-RhoGEF and LARG (Figure 2K). Immunore- Thus, coexpression of PDZ-RhoGEF led to an enrich-
active proteins of sizes expected for PDZ-RhoGEF or ment of plexin-B1 at the plasma membrane. This effect
LARG coprecipitated with plexin-B1, indicating that was also obvious upon surface staining of intact cells
PDZ-RhoGEF and LARG interact with plexin-B1 ex- with the anti-VSV antibody, which recognizes the
pressed endogenously in the brain. Antibodies against N-terminal, extracellular tag of plexin-B1. Cells express-
various unrelated proteins did not coprecipitate RhoGEF ing only plexin-B1 demonstrated weak membrane stain-
proteins under the same conditions (Figure 2K and data ing whereas strong membrane staining was observed
not shown). when PDZ-RhoGEF was coexpressed (Figures 4E and
4F). A PDZ-RhoGEF version lacking the PDZ domain
was unable to increase the membrane localization ofMapping of Molecular Interaction
between PDZ-RhoGEF and Plexin-B1 plexin-B1 (Figure 4G). We then tested whether the ap-
parently increased localization of plexin-B1 at theWe next analyzed the molecular determinants of the
interaction between plexin-B1 and PDZ-RhoGEF or plasma membrane was accompanied by an increased
binding of Sema4D (CD 100) to the cells. Sema4D hasLARG. PDZ-RhoGEF mutants lacking the PDZ domain,
the RGS domain, or the DH/PH domains were found to been reported to bind with high affinity to plexin-B1 and
to induce plexin-B1 activation (Tamagnone et al., 1999;be expressed at comparable levels in HEK293 cells, and
their interaction with the full-length plexin-B1 was tested Vikis et al., 2000). Sema4D, which is highly expressed
in brain, kidney, heart, and activated B and T cells (Ku-(Figure 3A). PDZ-RhoGEF mutants lacking the RGS do-
main or the DH/PH domain were found to be still capable manogoh and Kikutani, 2001), is a transmembrane pro-
tein, but can also exist as a diffusible form, which isof interacting with plexin-B1 as effectively as wild-type,
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Figure 2. Colocalization and Coprecipitation
of Plexin-B1 and PDZ-RhoGEF/LARG
(A) Expression of plexin-B1, PDZ-RhoGEF,
and LARG in different tissues. Shown is a
Western blot on lysates of murine brain,
spleen, platelets, and thymus with anti-
plexin-B1, anti-PDZ-RhoGEF, or anti-LARG
antisera. (B–J) Immunocytochemical staining
of mouse hippocampus and cerebral cortex
as well as of chick retinal ganglion cell growth
cones (RGC) with antibodies recognizing
plexin-B1, PDZ-RhoGEF, or LARG. S, so-
mata; N, neuropil. (K) Interaction between
plexin-B1 and PDZ-RhoGEF or LARG in vivo.
Mouse brains were lysed and plexin-B1 was
immunoprecipitated with an anti-plexin-B1
antiserum which was preincubated in the ab-
sence or presence of the antigenic peptide
( peptide) used for immunization. As a con-
trol, an unrelated antibody (anti-Pyk2) was
used instead of anti-plexin-B1. Shown are
Western blots of immunoprecipitated sam-
ples from mouse brain lysates stained with
anti-plexin-B1, anti-PDZ-RhoGEF, anti-
LARG, or anti-Pyk2 antibodies. Precipitations
done in the absence of any antibody served
as additional controls.
produced by spontaneous proteolytic shedding of extra- portion of Sema4D resulted in a highly specific binding
of Sema4D only to transfected cells, which was en-cellular parts of the transmembrane form (Wang et al.,
2001; Elhabazi et al., 2001). Incubation of HEK293 cells hanced in cells coexpressing PDZ-RhoGEF (Figures 4H–
4K). These data indicate that the interaction of the cyto-transfected with VSV-tagged plexin-B1 with superna-
tants of cells expressing the myc-tagged extracellular plasmic portion of plexin-B1 with the PDZ domains of
Plexin-B Regulates PDZ-RhoGEF/LARG
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Figure 3. Mapping of Domains Required for
the Interaction of Plexin-B1 and PDZ-Rho-
GEF/LARG
(A) HEK293 cells were transfected with full-
length VSV-tagged plexin-B1 either alone ()
or together with one of the following versions
of PDZ-RhoGEF: wild-type FLAG-tagged
PDZ-RhoGEF (WT), a FLAG-tagged version
lacking the PDZ domain (PDZ), a FLAG-
tagged PDZ-RhoGEF lacking the RGS do-
main (RGS), or an HA-tagged version of
PDZ-RhoGEF lacking the DH and PH domains
(DH/PH). Cells were lysed and wild-type and
mutant PDZ-RhoGEF was immunoprecipi-
tated with anti-FLAG or anti-HA antibodies.
Shown are Western blots of lysed or immuno-
precipitated samples stained with the indi-
cated antibodies (IB). (B) HEK293 cells were
transfected with wild-type VSV-tagged plexin-
B1 or mutants lacking either 3 or 10 C-ter-
minal amino acids (3 or 10, respectively)
or carrying the amino acids SEA in the last
three positions instead of TDL (exchD1) alone
() or together with wild-type FLAG-tagged
PDZ-RhoGEF. Cells were lysed and wild-type
PDZ-RhoGEF was immunoprecipitated with
anti-FLAG antibodies. Shown are Western
blots of lysates or immunoprecipitated sam-
ples stained with the indicated antibodies
(IB). The C termini of the employed plexin-B1
mutants are indicated.
PDZ-RhoGEF and LARG facilitates localization of consisting of GST and the Rho binding domain of the
effector can be used to precipitate active RhoA fromplexin-B1 at the plasma membrane and its binding to
Sema4D. cell lysates and to determine the level of active RhoA
in cells (Ren and Schwartz, 2000). Cells expressing myc-
tagged Rho either alone or in combination with the Rho-Regulation of PDZ-RhoGEF/LARG Activity
by Plexin-B1 GEF proteins, PDZ-RhoGEF or LARG, did not show any
appreciable change in Rho activity in response to solu-Both PDZ-RhoGEF and LARG have been shown to cata-
lyze guanine nucleotide exchange on RhoA but not on ble Sema4D. When cells were cotransfected with myc-
Rho and plexin-B1, Sema4D induced a small increaseother Rho family members such as Rac and Cdc42 (Fu-
kuhara et al., 1999; Jackson et al., 2001; Reuther et al., in Rho activity. Coexpression of PDZ-RhoGEF or LARG
with plexin-B1 and myc-Rho, however, dramatically in-2001). The interaction of plexin-B1 and PDZ-RhoGEF/
LARG prompted us to investigate whether plexin-B1 creased the effect of Sema4D on Rho activity (Figures
5A and 5B). This effect was not observed when aactivated by Sema4D might modulate PDZ-RhoGEF/
LARG activity toward Rho. RhoA binds to downstream C-terminally truncated mutant of plexin-B1, which does
not interact with the RhoGEF proteins, was expressedeffectors when in the GTP bound state. Fusion proteins
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Figure 4. Increased Membrane Localization
of Plexin-B1 in the Presence of PDZ-RhoGEF
HEK293 cells were transfected with VSV-
tagged plexin-B1 either alone (A, C, E, H, and
J) or together with wild-type PDZ-RhoGEF (B,
D, F, I, and K) or the PDZ mutant (G). Cells
were then permeabilized and stained with
anti-VSV antibodies (A and B) or with anti-
PDZ-RhoGEF antibodies (C and D). (E, F, and
G) Expression of plexin-B1 on the surface of
cells was detected by staining of intact cells
with anti-VSV antibodies. (H–K) To demon-
strate specific binding of Sema4D to plexin-
B1-expressing cells, cells were incubated
with medium from Sema4D-expressing cells,
and myc-tagged Sema4D was stained with
anti-myc antibodies. Plexin-B1-expressing
cells were stained with anti-VSV antibodies
and counterstained with DAPI.
instead of the wild-type, full-length protein (Figure 5A). coexpressing plexin-B1 and PDZ-RhoGEF with Sema4D
had no effect on the activation state of Rac or Cdc42.In addition, a PDZ-RhoGEF version lacking the DH/PH
domain, which is crucial for their GEF activity, com-
pletely blocked Sema4D-induced RhoA activation PDZ-RhoGEF Mediates Sema4D-Induced
thereby indicating that it functioned as a dominant-neg- Growth Cone Collapse
ative mutant (Figure 5B). These findings show that PDZ- We then studied the potential role of PDZ-RhoGEF in
RhoGEF/LARG mediate plexin-B1-dependent Rho acti- Sema4D/plexin-B1-induced growth cone collapse. Pri-
vation. mary hippocampal neurons were cultured from E17 rat
Various RhoGEF proteins have been shown to exhibit embryos and tested immunocytochemically for expres-
little specificity for individual members of the Rho family sion of plexin-B1. As with retinal ganglion neurons, so-
(Zheng, 2001). To test whether PDZ-RhoGEF activated mata as well as growth cones of hippocampal neurons
through plexin-B1 specifically promotes guanine nucle- stained strongly for plexin-B1 (Figure 6A). Application
otide exchange only on RhoA as suggested by in vitro of medium obtained from HEK293 cells transfected with
experiments, we performed analogous pulldown experi- soluble, myc-tagged Sema4D (see above), but not of
ments using a fusion protein consisting of GST and the medium obtained from mock-transfected HEK293 cells,
Rac binding domain of PAK1 (Benard et al., 1999). As to hippocampal neurons resulted in intense binding of
Sema4D to the neuronal soma and processes includingshown in Figures 5C and 5D, incubation of HEK293 cells
Plexin-B Regulates PDZ-RhoGEF/LARG
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Figure 5. Regulation of PDZ-RhoGEF/LARG Activity by Plexin-B1
(A and B) Plexin-B1-mediated modulation of PDZ-RhoGEF/LARG activity toward RhoA in HEK293 cells. Cells were transfected with myc-
tagged RhoA, either without or with wild-type or C-terminally truncated plexin-B1 (10) and without and with wild-type FLAG-tagged LARG
(A) or PDZ-RhoGEF (B) or dominant-negative PDZ-RhoGEF (DH/PH). Cells were incubated with medium from mock or Sema4D-transfected
cells (Sema4D/) for 60 min. Cells were lysed, and activated RhoA was precipitated as described under Experimental Procedures. Precipitates
were immunoblotted with anti-myc to detect activated RhoA in transfected cells. Lysates from transfected cells were immunoblotted with
anti-myc, anti-VSV, and anti-FLAG/HA to determine expression of RhoA, plexin-B1, and RhoGEF proteins. (C and D) Cells were transfected
with myc-tagged Rac1 (C) or Cdc42 (D) together with plexin-B1 and PDZ-RhoGEF. Cells were then incubated with medium from mock- or
Sema4D-transfected cells (Sema4D /) for 60 min, and activation of Rac1 or Cdc42 was determined using a pulldown assay as described.
Constitutively active mutants (G12V) of Rac1 and Cdc42 (V12) were used as positive controls.
growth cones (Figure 6A), suggesting that Sema4D func- activate RhoA, thereby functioning in a dominant-nega-
tive manner (Figure 5B). Growth cone collapse inducedtions as a ligand for plexin-B1 on neurons. In the ab-
sence of Sema4D, about 75% of the mock-transfected by Sema4D was almost completely abolished after ex-
pression of the DH/PH mutant of PDZ-RhoGEF (Fig-hippocampal neurons demonstrated growth cones (see
Figures 6B and 6C for typical example). After addition ures 6C and 6D). Furthermore, the DH/PH mutant of
PDZ-RhoGEF did not significantly alter the rate ofof medium containing Sema4D, about 80% of growth
cones collapsed (Figures 6B and 6D). The Sema4D- growth cone collapse in basal conditions (Figure 6D),
indicating that the effects of Sema4D were specificallyinduced growth cone collapse could be completely
blocked by the C3 exoenzyme of Clostridium limosum inhibited by the dominant-negative RhoGEF. In contrast,
overexpression of wild-type PDZ-RhoGEF resulted inas well as by the Rho-kinase inhibitor Y-27632 (Figure
6D). Thus, Sema4D not only binds to hippocampal neu- growth cone collapse in a significant number of neurons
but did not further increase the effect of Sema4D (Figurerons but is also functionally active in inducing growth
cone collapse in a Rho/Rho kinase-dependent manner. 6D). The effect likely reflects the basal GEF activity which
is elicited by overexpression of full-length PDZ-RhoGEFTo determine the influence of uncoupling RhoA activa-
tion from plexin-B1, we overexpressed a PDZ-RhoGEF and which was also manifest as enhanced Rho activity
upon expression of PDZ-RhoGEF in HEK293 cells (Fig-mutant lacking the DH and the PH domains (DH/PH)
in hippocampal neurons. This mutant can still interact ures 5A and 5B). The DH/PH mutant of PDZ-RhoGEF
had no effect on Sema3A-induced growth cone collapsewith plexin-B1 (Figure 3A) but has lost the ability to
Neuron
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Figure 6. Role of PDZ-RhoGEF in Plexin-B1-Mediated Growth Cone Collapse
(A) Primary hippocampal neurons were incubated with medium from mock-transfected () or (myc) Sema4D-expressing HEK293 cells ().
Plexin-B1 was detected by an anti-plexin-B1 antibody in the soma as well as in the axonal growth cone (arrowhead). Sema4D bound to
hippocampal neurons as detected with an anti-myc antiserum. (B and C) Developing hippocampal neurons were mock transfected (B) or
transfected with HA-tagged, dominant-negative (DH/PH) PDZ-RhoGEF (C) and treated with Sema4D-containing medium (Sema4D/) or
control medium (Ø) followed by immunostaining with anti-HA antibody and counterstaining with phalloidin-TRITC. Insets show a magnified
view of axonal ends or growth cones which are indicated by arrows. (D) Developing hippocampal neurons were mock transfected () or
transfected with HA-tagged wild-type (WT) or dominant-negative PDZ-RhoGEF (DH/PH) or with C3 exoenzyme (C3 exo) and scored for
growth cone collapse after treatment with control medium (Sema4D/) or Sema4D-containing medium (Sema4D/). Transfected neurons
were identified by immunocytochemistry using anti-HA and anti-C3-exoenzyme antibodies. In some experiments, neurons were treated for
30 min with 3 M Y-27632 before addition of Sema4D. Shown are the mean values from four independent experiments with the standard
error of the mean. Asterisks indicate significant differences (p  0.01) in the percentage of growth cone-positive cells in the various treatment
groups compared to mock-transfected cells without Sema4D (). (E) Mock-transfected hippocampal neurons and hippocampal neurons
transfected with dominant-negative PDZ-RhoGEF (DH/PH) were treated with Sema3A-containing medium (Sema3A/) or control medium
(), and growth cones of neurons were counted as described above. (F) chicken retinal ganglion cells were either mock transfected or
transfected with HA-tagged (DH/PH)PDZ-RhoGEF and were treated with Sema4D-containing medium (Sema4D/) or control medium ().
Neurons were scored for growth cone collapse as described above.
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(Figure 6E), indicating that PDZ-RhoGEF is not involved the last three amino acids are centrally involved in the
interaction with PDZ domains, but do not represent thein Sema3A-induced signaling and that its dominant-neg-
only part of the C terminus which is involved in the PDZative version did not unspecifically render growth cones
domain interaction (Sheng and Sala, 2001). Sema4D hadrefractory to collapse upon treatment with unrelated
no effect on the interaction of PDZ-RhoGEF and plexin-ligands. Very similar effects of the DH/PH mutant of
B1 when measured by coimmunoprecipitation of bothPDZ-RhoGEF could be observed in chick retinal gan-
proteins from cotransfected cells (data not shown), indi-glion neurons, in which Sema4D-induced growth cone
cating that this interaction is rather stable and not sub-collapse was strongly inhibited upon transfection with
ject to ligand-dependent regulation. In addition, coex-the dominant-negative mutant (Figure 6F). These data
pression of plexin-B1 with PDZ-RhoGEF and LARGdemonstrate that PDZ-RhoGEF functions as a crucial
increased the fraction of plexin-B1 at the cell membrane.link between plexin-B1 and RhoA activation and that
This suggests that PDZ-RhoGEF/LARG not only medi-PDZ-RhoGEF is required for Sema4D-induced morpho-
ates cellular responses to plexin-B but may also begenetic effects in primary neurons.
involved in localization of mammalian plexin-B at the
plasma membrane, thereby bringing the plexin-B/PDZ-Discussion
RhoGEF/LARG complex at the cell membrane in a posi-
tion to activate RhoA. This is consistent with the func-Plexins mediate the effects of transmembrane and se-
tional role played by a variety of PDZ domain-containingcreted members of the semaphorin family in neuronal
neuronal proteins in anchoring and localizing transmem-and non-neuronal cells. In neuronal cells, they are mainly
brane or membrane associated signaling proteins (Kor-involved in the repulsive activities of semaphorins. Small
nau et al., 1997; Sheng and Sala, 2001).GTPases of the Rho family, namely RhoA and Rac1,
In Drosophila, genetic evidence has been providedhave been implicated as functional mediators of plexin
that the Drosophila plexin-B, PlexB, increases Rho activ-signaling (Liu and Strittmatter, 2001). While activated
ity (Hu et al., 2001); however, it is not known how PlexBRac promotes extension of lamellipodia, activated Rho
activates Rho. Drosophila RhoA has been shown to bindgenerates contractile forces, which result in cellular re-
to a region in the intracellular portion of PlexB. The 40traction, e.g., of the neuronal growth cone. Plexin-B1
amino acid sequence required for binding of PlexB tohas been shown to bind to active GTP bound Rac1 and
RhoA has only partial homology to the intracellular por-to induce RhoA activation. The intracellular signaling
tion of mammalian plexin-B family members, and wemechanism linking plexins to the activation of RhoA
did not observe any binding of RhoA to human plexin-were hitherto unknown. Here we show that plexin-B
B1 in coprecipitation experiments (data not shown). Infamily members physically interact with PDZ-RhoGEF
addition, the very C-terminal region of Drosophilaand LARG, two closely related members of the Dbl family
plexin-B neither harbors a PDZ interaction motif norof GEFs that activate RhoA, and that this interaction
shows apparent homology to mammalian plexin-B fam-couples plexin-B receptor activation to the modulation
ily members. Thus, Drosophila PlexB and mammalianof RhoA activity, which induces cell repulsion. PDZ-
plexin-B proteins clearly employ different mechanisms
RhoGEF and LARG are expressed in various regions of
to regulate Rho activity.
the brain together with plexin-B1 and are enriched in
Activation of plexin-B1 has been shown to enhance
neuronal growth cones. In addition, complexes con-
binding of the activated GTP bound form of Rac1 to
sisting of plexin-B1 and PDZ-RhoGEF or LARG can be the cytoplasmic part of plexin-B1. Recently, stress fiber
precipitated from brain lysates. Furthermore, in cotrans- formation induced by clustering of ectopically ex-
fected mammalian cells, the PDZ domain recognition pressed cytoplasmic domains of plexin-B1 in fibroblasts
motif in the C terminus of plexin-B family members spe- has been shown to be blocked by dominant-negative
cifically interacts with the PDZ domain of PDZ-RhoGEF/ Rac1, suggesting an involvement of Rac1 in plexin-B1-
LARG. Binding of Sema4D to plexin-B1 induces a robust mediated RhoA activation (Driessens et al., 2001). We
activation of RhoA, which is dependent on the presence have tested and failed to detect an effect of dominant-
of PDZ-RhoGEF or LARG as well as on the plexin-B1 C negative Rac1 on plexin-B1-mediated RhoA activation
terminus, and which is abrogated by a dominant-nega- in cotransfected HEK293 cells (data not shown). How-
tive form of PDZ-RhoGEF. Finally, this dominant-nega- ever, a potential influence of Rac1 binding on RhoGEF-
tive form of PDZ-RhoGEF abolishes plexin-B1-mediated dependent RhoA activation and vice versa in response
growth cone collapse in primary hippocampal neurons. to plexin-B1 activation merits further investigation.
Taken together, these findings indicate that PDZ-Rho- In the context of axonal guidance in developing neu-
GEF and LARG play an important role in mediating repul- rons, RhoA activation is manifest as a retraction and
sive effects of plexin-B family members. collapse of growth cones. Here we show that GEF activ-
The interaction of plexin-B1 and PDZ-RhoGEF/LARG ity of PDZ-RhoGEF is required for plexin-B1-mediated
was critically dependent on the integrity of the C-ter- repulsive effects of Sema4D on primary neurons. More-
minal PDZ domain binding motif conserved amongst all over, the interaction between plexin-B1 and PDZ-Rho-
members of the mammalian plexin-B family and on the GEF/LARG offers novel insights into the mechanistic
presence of the N-terminal PDZ domain in both RhoGEF basis of plexin-B-mediated axon growth cone collapse.
proteins. Removal of the last three or ten C-terminal For axonal growth cones and other cellular structures,
amino acids of plexin-B1 strongly weakened or abol- which are regulated by semaphorin via plexin-B family
ished its ability to interact with PDZ-RhoGEF/LARG and members, plexins must transduce a highly localized sig-
to increase RhoGEF-dependent RhoA activity in re- nal to the actin cytoskeleton in order to mediate spatially
restricted cell retraction. Plexin-B-dependent activationsponse to Sema4D. This is consistent with the fact that
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to stabilize the transporter in the membrane (Jackson
et al., 2001). It remains unclear whether these interac-
tions are unrelated phenomena or whether the proteins
shown to bind to PDZ-RhoGEF functionally interact. It is
tempting to speculate that PDZ-RhoGEF/LARG clusters
various proteins at the inner side of the plasma mem-
brane and may function as a coincidence detector by
integrating, for instance, plexin- and GPCR-dependent
effects on RhoA activity.
In summary, we have identified an important link be-
tween plexin-B family members and RhoA and suggest
a model showing how plexin-B1 may locally regulate
actin dynamics (Figure 7). PDZ-RhoGEF/LARG form a
complex with plexin-B. Plexin-B1, which is activated
through semaphorin-dependent clustering, recruits ac-
tivated Rac to the membrane thereby preventing it from
signaling to downstream effectors. At the same time,
plexin-B1 increases Rho activity via activation of PDZ-
RhoGEF/LARG. Given the broad pattern of expression
of several key members of the above signaling pathway,
it is conceivable that this is a signaling mechanism used
by a wide range of cells. Studies employing inhibitors
of RhoGEF proteins and PDZ-RhoGEF/LARG-deficient
mouse mutants are required to further determine the
Figure 7. Proposed Model for the Role of PDZ-RhoGEF/LARG in role of these RhoGEF proteins in morphogenetic pro-
Plexin-B1-Mediated Signaling (See Text) cesses in the nervous system.
Experimental Proceduresof PDZ-RhoGEF/LARG leads to a localized activation of
RhoA and thereby to a localized increase in contractile Yeast Two-Hybrid Screening
forces, which underlie the repulsive effects of semapho- The yeast two-hybrid interaction screen was performed as de-
rins. It remains, however, unclear how plexin-B recep- scribed (Vojtek et al., 1997), using PDZ domain (amino acids 43–123)
of PDZ-RhoGEF as a bait. A mouse embryonal cDNA library con-tors modulate PDZ-RhoGEF/LARG activity. Plexin-B
sisting of 5  106 primary transformants was screened. C-terminalmodulation of RhoGEF proteins might occur through
plexin and various PDZ domain constructs were made as describedsteric or allosteric regulation of GEF activity induced,
below and tested for interaction. L40 yeast reporter strain used in
for instance, by ligand-dependent clustering of plexin- this study was MATa HIS3200 trp1-901 leu2-3,112 ade2 LYS2::
B. Alternatively, this may involve additional, yet unidenti- (lexAop)4-HIS3 URA3::(lexAop)8-lacZ GAL4.
fied effectors, which are regulated upon plexin acti-
vation. Expression Plasmids
For interaction studies in yeast and HEK293 cells, portions of plexin-There is increasing evidence that RhoGEF proteins are
B1, -B2, -B3, and -D1 cDNA encoding the C-terminal 194 aminoimportant modulators of axonal growth cone guidance.
acids were subcloned in pVP16 and pcDNA3, respectively, and PDZVarious RhoGEF proteins are expressed in the central
domains of PDZ-RhoGEF/LARG (aa 38–128 of PDZ-RhoGEF; aa
nervous system. Recently, a novel RhoGEF protein, 69–143 of LARG) were subcloned in vector pBTM116 and pcDNA3,
ephexin, has been shown to bind to the cytoplasmic respectively. PDZ, DH/PH, and RGS domain mutants of PDZ-
domain of Eph4A and to mediate RhoA activation and RhoGEF lacking aa 43–123, aa 290–486, and 738–1080, respectively,
were subcloned in vector pcDNA3. The N-terminal portion ofgrowth cone collapse in response to activation of Eph4A
Sema4D (aa 1–633) was subcloned in vector pSecTag2 (Invitrogen,(Shamah et al., 2001). The similarity between signaling
Groningen, The Netherlands). Untagged and tagged versions of full-mechanisms evoked via ephs and plexins as reported
length plexin-B1, PDZ-RhoGEF, and LARG were subcloned in
here and the central role played by RhoGEFs therein pcDNA3. All constructs were made using standard molecular biol-
suggests that a receptor-mediated modulation of regu- ogy methods. VSV-plexin-B1 and a myc-Sema3A were a gift from
lators of Rho GTPases, e.g., GEF proteins, is a novel Luca Tamagnone (University of Torino, Italy); Sema4D cDNA was
provided by Gordon J. Freeman (Dana-Farber Cancer Institute);common mechanism linking extracellular morphoge-
PDZ-RhoGEF(KIAA0380), plexin-B1(KIAA0407), plexin-B2(KIAA0315),netic regulators to the RhoA-mediated cytoskeletal
plexin-B3(KIAA1206), and plexin-D1(KIAA0620) cDNAs were kindlychanges in neurons and other cells.
provided by Takahiro Nagase (Kazusa DNA Research Institute, Ja-
PDZ-RhoGEF and LARG are multidomain proteins pan); LARG cDNA was donated by Michael A. Caligiuri (University
which have been shown to bind activated forms of the of North Carolina at Chapel Hill). The cDNA of C3 exoenzyme of
G protein  subunits G12 and G13 through an RGS Clostridium limosum which was subcloned into pHD2 was a gift
from Klaus Aktories (University of Freiburg, Germany).domain, which is located between the N-terminal PDZ
domain and the DH/PH domain (Fukuhara et al., 1999,
Cell Culture2001). This interaction has been proposed to link G12/
HEK293 cells were maintained in DMEM medium containing 10%G13-coupled receptors to Rho activation. In addition, the fetal bovine serum. All transfections were performed using the cal-
C-terminal region of a rat homolog of PDZ-RhoGEF, cium-phosphate method (Chen and Okayama, 1987). Primary hippo-
GTRAP48, has been shown to interact with the C termi- campal neurons were isolated from pregnant rats at embryonic day
17 and cultured on glass coverslips in 6-well plates as describednus of the neuronal glutamate transporter EAAT4, and
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(Hormuzdi et al., 2001). Chicken retinal ganglia cells were freshly Rhotekin (GST-RBD), according to Ren and Schwartz (2000). Twenty
hours after transfection, cells were starved for 3 hr, and then covereddissociated and cultured as described (Mack et al., 2000). Primary
hippocampal and retinal ganglion neurons were transfected with with medium from mock-transfected cells or from cells transfected
with Sema4D. After 1 hr, cells were lysed and GTP bound Rho wasDNA (0.5 g/well) using Effectene reagent (Qiagen, Hilden, Ger-
many) according to the manufacturer’s directions after 48 hr or 24 precipitated, and myc-tagged RhoA was detected by immunoblot-
ting using monoclonal anti-myc antibody (Santa Cruz Biotechnolo-hr, respectively, in culture. GFP was used for control transfections
(mock). gies, Heidelberg, Germany). For the determination of activated Rac
and Cdc42, an analogous assay was performed using a fusion pro-
tein consisting of GST and the Rac/Cdc42 binding domain of PAK1Antibodies
(Benard et al., 1999).Polyclonal antibodies against PDZ-RhoGEF or LARG were raised in
rabbits against synthetic peptides representing amino acids 20–33
Growth Cone Collapse(DSAPERKSPSHHRQ) and 50–63 (SSKKTKSSSEESRS) of PDZ-Rho-
At 24 hr after transfection, hippocampal or chick retinal ganglionGEF and LARG, respectively, and were purified using affinity chro-
neurons were treated with medium derived from either mock-trans-matography on immobilized peptides. The specificity of antibodies
fected, myc-tagged Sema4D- or myc-tagged Sema3A-transfectedwas confirmed in transfected cells using Western blot analysis and
HEK293 cells for 1 hr at 37C. Neurons were then fixed with 4%immunocytochemistry. Antisera recognizing C3 exoenzyme or Pyk2
paraformaldehyde and used for immunocytochemistry experiments.were kindly provided by Dr. K. Aktories (Freiburg, Germany) and
TRITC-labeled phalloidin was used to detect actin filaments inDr. A. Blaukat (Heidelberg, Germany), respectively. The following
growth cones. Neurons were scored for the presence of growthantibodies were commercially obtained: goat polyclonal anti-plexin-
cones and for immunoreactivity for the expressed proteins.B1 and mouse monoclonal anti-Myc (Santa Cruz Biochemicals, Hei-
delberg, Germany), mouse monoclonal anti-VSV and mouse mono-
clonal anti-FLAG (M-2) (Sigma, Deisenhofen, Germany), and rat Acknowledgments
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